Recycled subducted ocean crust has been traced by elevated 187 Os/ 188 Os in some studies and by high nickel and low manganese contents in others. Here we show that these tracers are linked for Quaternary lavas of Iceland, strengthening the recycling model. An estimate of the osmium isotopic composition of both the recycled crust and the mantle peridotite implies that Icelandic Quaternary lavas are derived in part from an ancient crustal component with model ages between 1.1 × 10 9 and 1.8 × 10 9 years and from a peridotitic endmember close to present day oceanic mantle.
A Quantitative Link Between Recycling and Osmium Isotopes
Alexander V. Sobolev, 1,2 * Albrecht W. Hofmann, 2 Gerhard Brügmann, 2, 3 Valentina G. Batanova, 1 Dmitry V. Kuzmin 2, 4 F ormation, subduction, and incomplete mixing of oceanic crust produces chemical and isotopic heterogeneity in Earth's mantle (1, 2) . The signature of these processes in the mantle over time and the importance of recycling in explaining the origins and compositions of volcanic rocks remain major questions. Recently, osmium isotopes have proved to be an important tracer (3, 4) . Basaltic ocean crust has much higher Re/Os ratios than mantle peridotite, from which it is derived through partial melting, because osmium remains mostly in the solid (mantle residue), whereas Re preferentially enters the melt. Os values have been recently found in Icelandic basalts, where they are correlated with the relative abundances of other isotopes (5, 6) . These data support the notion that the mantle source of Icelandic basalts contains oceanic crust that has been recycled by subduction and mantle convection (7). However, it has been difficult to assess this model because independent estimates of the proportions of components and their Os isotopic compositions were lacking.
Sobolev et al. (8, 9) recently proposed that the abundances of Mn and Ni in early-formed olivine crystals in oceanic basalts such as Hawaii and Iceland can provide these estimates. The method makes use of fundamental differences in chemical composition, mineralogy, and melting behavior between recycled (oceanic) crust and mantle. Whereas mantle peridotite invariably contains large proportions of olivine, recycled (eclogitic) crust reacts with the surrounding peridotite and forms an olivine-free hybrid, pyroxenite (8) . A similar hybrid component, a mixture of ancient recycled crust and peridotites, was also proposed on the basis of Os-He isotope relationships in Icelandic picrites (6) . Because olivine and pyroxene partition Ni and Mn differently (olivine prefers Ni and pyroxene, Mn), Ni and Mn abundances in equilibrium melts formed from these contrasting lithologies will retain the memory of their respective source compositions. When a source contains both peridotite and pyroxenite, both lithologies contribute to the resulting melt, and their proportions can be reconstructed by using Mn/Fe or Ni/(Mg/Fe) ratios in olivine phenocrysts formed from these hybrid melts.
We combined data for averaged compositions of olivine phenocrysts for olivine-rich lavas and bulk rock 187 Os/
188
Os ratios from Iceland to obtain the proportion of pyroxenite-derived melt by both Ni excesses and Mn deficits in olivine (Fig. 1) . These parameters indeed show strong linear correlations, and this permits quantitative assessment of the end-member isotope ratios: peridotitic mantle (X px = 0) and pyroxenite from recycled crust (X px = 1). The best correlation based on Ni (Fig. 1A) (Fig. 1B) is consistent with this result, although the scatter is slightly greater. These values can be modeled as 1.1-to 1.8-billion-year-old oceanic crust reacted with present-day oceanic peridotite shortly before final melting (10) . The calculated age range for recycled component in Icelandic mantle is consistent with similar age estimations from Pb isotopes (11) and Os and He isotope relationships (6) . The obtained isotopic compositions of the peridotitic and pyroxenitic components for Iceland also support independently "olivine-based" estimates of source proportions (9), as well as the qualitative idea of the presence of ancient recycled materials in Icelandic mantle sources (5-7, 11). Os at Max-Planck Institute for Chemistry, Mainz. These measurements were made on bulk rock powder, following the techniques described in (S1). The total procedural blanks for Os were less than 1 pg. The error (2σ) for 187 Os/ 188 Os ratio was less than 0.5%.
Proportion of pyroxenite derived melt
The proportion of pyroxenite derived melt in lavas was defined as a function of Mn/Fe of average olivine phenocrysts (S2). The relation of this proportion with Ni/(Mg/Fe) of olivine (see Fig. 1 caption) was defined in the same way using olivine-melt Ni partition after Kinzler et al (S3). (S5) , high-Si melt from recycled oceanic crust (in the form of eclogite) reacts with peridotite to produce a hybrid pyroxenite shortly before melting. The amount of melt required to create such pyroxenite is roughly equal to the content of olivine in peridotite (approximately 60%). The Os concentration in eclogite-derived melt has been estimated using 60% degree of melting (S5) and (Kd) for Os between restite and melt of 3 (sulfur undersaturated (S1)). We assume sulfur undersaturated conditions of melting for eclogites and (later on) pyroxenite because of their high degrees of melting (over 50%) which makes any existence of sulfide melt in the restite highly unlikely. Using these constraints and the compositions of recycled oceanic crust and mantle from Brandon et al, 2007 (S6) , we obtain an Os content for pyroxenite of about 1.33 ppb (for 3.3 ppb for Os in peridotite). Modeling of melting of these sources yields Os concentrations of 0.4 ppb and 0.7 ppb for peridotite-derived and pyroxenite-derived melts respectively, assuming degrees of melting of 10-20% for peridotite and 50-60% for pyroxenite and bulk distribution coefficient (Kd) for Os between restite and melt Kd =10 (sulfur saturated) for peridotite and 3 (sulfur undersaturated) for pyroxenite (S1 of 1.1-1.8 Ga. These estimates do not depend significantly on Re/Os ratios of lavas and a newly formed reaction pyroxenite because of their young ages. Table S1 . Fo= Mg/Mg+Fe in atomic %, Ni#= NiO/(MgO/FeO) in wt%. Standard error for olivine (σ) -is the standard error of the mean for the number (n) of olivine grains measured for a particular sample or for the shown number of samples. Uncertainty for 187 Os/ 188 Os ratios corresponds to the in-run 2-sigma error of the measurement, except for samples from Haleabunga, Hengill and Longavitishraun where the quoted error is the standard error of the mean for the averaged samples. Avg (m) -stands for average of olivine averages from m samples from the same locality, in these cases n indicate total amount of considered olivine grains.
End-members
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*-for Borgarhraum flow only high -Mg olivine (Fo> 91) was considered for Xpx calculations because of very early crystallization of clinopyroxene, which leads to significant overestimation of Xpx. WRZ, ERZ, NRZ -Western, Eastern and Northern rift zones respectively. MVZ -Mid-Icelandic Volcanic Zone. Ref1 -reference for olivine composition; Ref2 -reference for 187 Os/ 188 Os data; new -newly analyzed in this work. 
